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cancer-relevant regulator of ribosome content

Haoran Duan™ @, Sigiong Zhang?, Yoram Zarai?, Rupert Ollinger*©, Yanmeng Wu?, Li Sun?,
Cheng Hu?, Yaohui He?, Guiyou Tian™*, Roland Rad***@, Xiangquan Kong® @, Yabin Cheng®™ ),

Tamir Tuller®” & Dieter A Wolf>>""1

Abstract

elF3, whose subunits are frequently overexpressed in cancer, regu-
lates mRNA translation from initiation to termination, but mRNA-
selective functions of individual subunits remain poorly defined.
Using multiomic profiling upon acute depletion of elF3 subunits,
we observed that while elF3a, b, e, and f markedly differed in their
impact on elF3 holo-complex formation and translation, they were
each required for cancer cell proliferation and tumor growth.
Remarkably, elF3k showed the opposite pattern with depletion
promoting global translation, cell proliferation, tumor growth, and
stress resistance through repressing the synthesis of ribosomal
proteins, especially RPS15A. Whereas ectopic expression of RPS15A
mimicked the anabolic effects of elF3k depletion, disruption of elF3
binding to the 5'-UTR of RSP15A mRNA negated them. elF3k and
elF3l are selectively downregulated in response to endoplasmic
reticulum and oxidative stress. Supported by mathematical
modeling, our data uncover elF3k-l as a mRNA-specific module
which, through controlling RPS15A translation, serves as a rheostat
of ribosome content, possibly to secure spare translational capa-
city that can be mobilized during stress.
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Introduction

Protein synthesis is a complex process requiring tight coordination
of discrete steps including the initiation of mRNA translation, trans-
lation elongation and termination as well as co-translational folding,
subcellular targeting, and quality control of the nascent polypep-
tides. In canonical initiation, mRNA is recruited to the ribosome
through elF4E-mediated binding of the m7G cap. elF4E together
with eIF4G then recruits to the mRNA a complex consisting of elF3
and the 40S ribosome loaded with methionyl-tRNA and additional
elFs (Sonenberg & Hinnebusch, 2009). Upon scanning for the start
codon, the 60S ribosomal subunit joins to produce an actively trans-
lating 80S ribosome.

Apart from canonical translation initiation via the 5'-cap, the 13-
subunit elF3 complex mediates several noncanonical modes of initia-
tion through direct interaction with mRNAs or mRNA-binding
proteins (Wolf et al, 2020). Using PAR-CLIP, elF3 was shown to
interact with structured 5-UTR motifs of hundreds of mRNAs,
resulting in translational activation or repression (Lee et al, 2015). For
example, phosphorylation-controlled binding of eIF3 to c-Jun mRNA
was shown to regulate its cap-dependent but el[F4E-independent func-
tion in translation (Lee et al, 2016; Lamper et al, 2020). Likewise,
transient recruitment of eIF3 to their 3’-UTRs promotes a burst in the
translation of mRNAs encoding T cell receptors (De Silva et al, 2021).
Conversely, binding of eIF3 to the ferritin light chain mRNA led to the
inhibition of its translation (Pulos-Holmes et al, 2019). In addition,
elF3-binding sites in mRNAs frequently overlap with sites of N6
methyl adenosine (m6A) modification, and elF3 was shown to bind to
moOA either directly or through m6A reader and writer proteins (Meyer
et al, 2015; Wolf et al, 2020). Thus, elF3 is positively as well as
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negatively involved in many different forms of canonical and nonca-
nonical translation initiation.

However, not all elF3 subunits are essential for protein synthesis,
cell growth, and survival (Wagner et al, 2016), suggesting that some
have mRNA-selective functions that underlie eIF3’s multifunction-
ality. For example, we have reported that subunits elF3d and elF3e
constitute a module within the eIF3 holo-complex that selectively
promotes the synthesis of proteins with membrane-associated func-
tions, including subunits of the mitochondrial electron transport
chain (ETC; Shah et al, 2016; Lin et al, 2020). Likewise, eIF3f was
shown to advance sperm-specific translation through interaction
with proteins that bind MIWI/piRNAs in 3’-UTRs, thus leading to
circularization of mRNA which is thought to promote translation
(Dai et al, 2019). Even more recently, elF3g was implicated in
neuron-specific translation in Caenorhabditis elegans (Blazie
et al, 2021). Furthermore, elF3c was shown to be dispensable for
global translation and viability in mice but to direct the translation
of the Sonic Hedgehog receptor PTCHI1 through a pyrimidine-rich
motif in the 5-UTR (Fujii et al, 2021). Finally, the elF3k-1 module
was reported to be dispensable for viability in C. elegans, whereas
its removal enhances stress resistance, although this effect remains
to be attributed to mRNA-selective changes in translation (Cattie
et al, 2016). To date, no study has assessed the impact on holo-
complex formation and mRNA-specific translation of individually
disabling multiple eIF3 subunits in the same system.

In terms of human physiology, many elF3 subunits are overex-
pressed in cancer and can drive de novo holo-complex formation
and increased protein synthesis along with cell transformation
in vitro (Hershey, 2015). However, despite striking progress in the
structural analysis of the elF3 complex (Hashem et al, 2013; des
Georges et al, 2015; Simonetti et al, 2016; Eliseev et al, 2018; Thoms
et al, 2020), mechanistic insight into the mRNA-selective functions
of eIF3 subunits remains scarce and no drugs exist to target elF3 in
cancer or other diseases.

Assembly and dissociation of the eIlF3 complex is known to
proceed in an ordered fashion according to structural modules (Zhou
et al, 2008; Wagner et al, 2014, 2016; Smith et al, 2016). Testing the
concept that structural modules carry distinct functions, we have
embarked on a systematic loss-of-function study to evaluate mRNA
selectivity of module-defining elF3 subunits in cell proliferation and
cancer growth. While elF3a, b, e, and f are found to promote cell
proliferation and tumor growth despite regulating distinct sets of
mRNAs, elF3k limits cell and tumor growth by repressing global
translation. Mechanistically, this elF3k-dependent repression is
mediated by binding of elF3k to the 5-UTR of the mRNA encoding
ribosomal protein RPS15A. Our studies define elF3 as a multifunc-
tional complex consisting of distinct modules imposing positive as
well as negative regulation on mRNA-selective translation with the
elF3k-1 module serving as a rheostat of ribosome content.

Results

Differential requirement of elF3 subunits for elF3 holo-complex
formation

To assess subunit-specific functions of elF3, we generated HCT116
colon cancer cell lines in which individual elF3 subunits can be
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rapidly and reversibly depleted by small molecule-induced degrada-
tion. We targeted the following eIF3 subunits (Fig 1A): (i) elF3a, a
core subunit known to nucleate the assembly of the holo-complex
(Wagner et al, 2016; Smith et al, 2016, 3), (ii) elF3b, a subunit of
the distinct “b-g-i” module, (iii) eIF3f, a subunit which was reported
to inhibit rather than activate translation (Shi et al, 2006; Aguero
et al, 2017), (iv) elF3e, a subunit of the “d-e” module involved in
the synthesis of membrane-associated proteins (Shah et al, 2016;
Lin et al, 2020), and (v) elF3k, a subunit of the nonessential “k-1”
module, which has cryptic mRNA cap-binding activity through elF31
(Kumar et al, 2016). We used CRISPR-mediated genome editing to
add the auxin-inducible degradation domain (mAID) to both alleles
of elF3a, b, e, f, and k (Natsume et al, 2016). In addition, both
alleles of each gene were modified with either mClover or mCherry
for allele-specific protein imaging (Fig EV1A). Fluorescence micro-
scopy revealed predominantly cytoplasmic localization of all five
elF3 subunits (Fig EV1B), a pattern which is consistent with their
established role in cytoplasmic mRNA translation. Thus, epitope
tagging with mAID and fluorescent proteins does not seem to inter-
fere with normal subcellular localization of elF3 subunits.

Unlike RNAi-mediated depletion of elF3 subunits for prolonged
duration (e.g., 3 days; Wagner et al, 2016) and potentially marked
by variable efficiency and off-target activity, auxin-induced degrada-
tion led to acute depletion, thus minimizing adaptive effects
expected after long-term depletion. For example, elF3b-mAID was
selectively downregulated within 2h of auxin (IAA) addition,
whereas the expression of the remaining seven elF3 subunits tested
was not majorly affected (Fig EV1C). elF3a-mAID and elF3f-mAID
not only showed a similar depletion but also led to co-depletion of
elF3k (Fig EVIC). Depletion of elF3e-mAID caused co-depletion of
elF3d and elF3k as observed previously (Yen & Chang, 2000; Shah
et al, 2016; Wagner et al, 2016), while depletion of elF3k co-
depleted eIF3l (Fig 1B, Appendix Fig S1) as reported (Wagner
et al, 2016). Addition of IAA to parental HCT116 cells had no effect
on the expression of elF3 subunits.

We next determined the consequences of depleting elF3 subunits
for elF3 holo-complex formation by quantitative SILAC proteomics
(Cox et al, 2009). For this, we maintained eIF3-mAID cell lines
either in regular “light” (L) media or in media supplemented with
stable “heavy” (H) lysine and arginine. Heavy-labeled cells were
treated with TAA for 12 h to shut off the expression of elF3 subunits.
elF3 was immunopurified from both conditions using antibodies
against elF3b or elF3c. Upon trypsin digestion, corresponding L
(DMSO control) and H (IAA) samples were mixed and analyzed by
LC-MS/MS to obtain the ratios of elF3 subunits engaged in elF3
complexes before and after depletion of individual subunits. The H/
L ratios of elF3 subunits were normalized to the bait, either elF3b or
elF3c, depending on which antibody was used for purification, and
plotted as a heatmap (Fig 1C).

The data showed that acute depletion of elF3a led to the disas-
sembly of ~ 60% of holo-elF3 while largely sparing the elF3b-g-i
subcomplex (Figs 1C and D, and EV2A). Conversely, depletion of
elF3b led to a ~ 60% depletion of the elF3b-g-i subcomplex, while
mostly maintaining the octameric core complex. Depletion of elF3e
affected holo-elF3 formation similarly to depletion of elF3f, leading
to a ~ 80% depletion but leaving largely intact a residual complex
consisting of elF3a, b, g, i, and j, which closely resembles the essen-
tial core complex present in S. cerevisiae (Valasek et al, 2017).

© 2023 The Authors
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Figure 1. Effect of conditional depletion of elF3 subunits on the elF3 holo-complex.

A Schematic of holo-elF3 with the five modules targeted for conditional depletion highlighted in different colors.

B HCT116 cells in which elF3k was homozygously modified with the mAID domain to trigger auxin-dependent degradation were exposed to 500 uM indole-3-acetic acid
(IAA) for the periods shown, and cell lysate was subjected to immunoblotting with the indicated antibodies (for quantification see Appendix Fig S1).

C Analysis of holo-elF3 complex formation by quantitative SILAC proteomics. elF3-mAID cell lines were grown either in regular “light” (L) media or in media supple-
mented with stable “heavy” (H) lysine and arginine. Heavy-labeled cells were treated with IAA for 12 h to shut off the expression of elF3 subunits. eIF3 was immuno-
purified from both conditions using antibodies against elF3b or elF3c. Upon trypsin digestion, corresponding L (DMSO vehicle control) and H (IAA) samples were
mixed and analyzed by LC-MS/MS (left panel). Average changes in H/L ratios were determined, normalized to the bait (elF3b or elF3c, respectively), and plotted in a

heatmap (right panel).

D Conceptual graphical summary of the main effects of elF3 subunit depletion on holo-elF3 as determined by quantitative proteomics and native PAGE analysis

(Fig EV2B).

Source data are available online for this figure.

Lastly, depletion of eIF3k resulted in ~ 80% of elF3 complexes
lacking the elF3k-1 module (Figs 1C and D, and EV2A).

The conclusions drawn from the proteomic analysis were
confirmed by native PAGE analysis (Fig EV2B). Here again, depletion
of elF3a led to a stark reduction in the high molecular weight complex
co-migrating with holo-elF3 in parental HCT116 cells as measured
with antibodies against elF3b, c, e, f, k, i, and g. However, in line with
the SILAC data, a smaller complex representing the “b-g-i” subcom-
plex was maintained (Fig EV2B). In contrast, depletion of elF3k did
not appreciably affect the apparent eIF3 holo-complex, a finding that
is consistent with the minor impact of loss of the elF3k-1 module on
the total mass of the complex. Finally, cells depleted of elF3e and elF3f
retained substantial amounts of the core complex containing elF3a, b,
g, and i (Fig EV2B). Due to limited resolution, the effect of depletion
of eIF3b on holo-elF3 could not be assessed by native PAGE as the
resulting elF3 octameric core complex (Fig 1C and D) cannot be
readily distinguished from holo-elF3.

In summary, the data obtained with acute depletion of elF3 subu-
nits showed that removal of individual eIF3 subunits distinctly
reshapes elF3 complex architecture rather than entirely destroying
the complex (Fig 1D). This raised the possibility that elF3 is orga-
nized in distinct subunit-specific functional modules.

Subunit-specific functions of elF3 in cell proliferation and
tumor growth

To begin to assess module-specific functions, we tested the effect of
acute depletion of eIF3 subunits on cell proliferation. Whereas

Figure 2. Effect of depletion of elF3 subunits on cell and tumor growth.

elF3a, b, e, and f were equally required for cell proliferation as
determined by a surrogate metabolic assay measuring NAD(P)H
levels (MTT assay; Fig 2A) as well as colony formation (Fig 2B,
Appendix Fig S2A), elF3k was entirely dispensable for both. In fact,
cells depleted of elF3k showed higher proliferation than the
syngeneic controls maintained in the absence of IAA (Fig 2A and B).
The rapid depletion system also allowed us to determine the effect
of elF3 subunits on cell cycle dynamics. Re-entry into S phase upon
release from a block in GO/G1 induced by serum starvation was
greatly impaired in cell lines depleted of elF3a, b, and e. Whereas
depletion of elF3f had a milder effect on cell cycle re-entry, cells
deficient in elF3k did not show a difference in cell cycle kinetics
from cells maintained in the absence of IAA (Fig 2C).

The same differential requirement of elF3 subunits was observed
upon growing the conditional depletion cell lines as xenograft
tumors in mice. Once tumors reached a diameter of ~ 4mm
(volume ~50mm?), eIF3 subunits were depleted by daily oral
gavage of IAA. IAA did not affect the growth of tumors established
from parental HCT116 cells relative to the vehicle (Fig 2D, Appendix
Fig S2B). Whereas tumor sizes increased in mice treated with the
vehicle control, the growth of elF3a-mAID and elF3b-mAID tumors
was substantially reduced upon administration of IAA. elF3e-mAID
and elF3f-mAID tumors were also suppressed by IAA, although to a
lesser extent. In marked contrast, tumors grew to bigger sizes when
elF3k was depleted (Fig 2D, Appendix Fig S2B), suggesting that
elF3k plays a tumor suppressive role, whereas the other elF3 subu-
nits examined have pro-tumorigenic function. Consistent with this
notion are proteomic data showing that average protein levels of

A Parental HCT116 and the five different conditional elF3-mAID cell lines were treated with the vehicle DMSO or with 1AA for the periods indicated. Metabolic activity
(i.e, NAD(P)H) as a proxy of cell proliferation was determined by MTT assay. Graphs represent means =+ SD, n = 5-6. Asterisks denote: *P < 0.005, **P < 0.00005,

***P < 0.000005 (two-stage step-up method of Benjamini, Krieger, and Yekutieli).

B 1x103 cells of the indicated cell lines were plated and grown in DMSO or IAA for 2 weeks. Colony numbers were counted and are shown in a bar graph relative to
the DMSO-treated control. Note that very low numbers of colonies were obtained for IAA-treated elF3a-mAID, elF3e-mAID and elF3f-mAID — hence no bars are visible.
Bars represent means + SD, n=3. Numbers indicate P-values (unpaired Student’s t-test).

C The indicated cell lines were subjected to serum withdrawal (0% FBS) for 16 h. DMSO or IAA was added and cells were stimulated to re-enter the cell cycle by
refeeding with media containing 10% FBS. Cells were fixed after the indicated time points, and the cellular DNA content was measured by flow cytometry. Data are
representative of 2 (HCT116, elF3a-mAID, elF3b-mAID) or 3 (elF3e-mAID, elF3f-mAID, elF3k-mAID) experiments.

D 1x10°elF3-mAID cells were injected into nude mice. When tumors reached a diameter of ~ 4 mm, mice were treated with vehicle or 500 mg/kg IAA, and tumor
growth was measured for 2 weeks. Graphs represent means =+ SD, n =5-7. Numbers indicate P-values (two-stage step-up method of Benjamini, Krieger, and Yekutieli).

E Expression of the indicated elF3 proteins in 97 colon adenocarcinomas versus 100 normal colonic mucosae and 110 clear cell renal cell carcinomas versus 84 normal
kidney samples. Log2 spectral count data from CPTAC (Chen et al, 2019) via UALCAN portal (Chandrashekar et al, 2022).

Data information: The median (50t percentile), 25% percentile (lower box), 75 percentile (upper box), 5" percentile (lower whisker), and 95" percentile (upper whisker)

are indicated. n = biologically independent tumor samples.
Source data are available online for this figure.
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elF3a, b, e, and f were upregulated in human colon and renal
cancers, whereas elF3k protein was downregulated (Fig 2E).

mRNA selectivity of elF3 subunits revealed by ribonomic and
proteomic profiling

To determine the effect of acute depletion of eIF3 subunits on global
mRNA translation, we performed sucrose density gradient fractiona-
tion to separate actively translating polysomes (P) from 40S, 60S,
and 80S monosomes (M). Addition of IAA to the various cell lines
for 12h led to ~72-90% depletion of elF3 subunits (Figs 3A and
EV3A). Whereas IAA did not affect the P/M ratio of parental
HCT116 cells, depletion of elF3a, e, and f subunits led to substantial
decreases in the P/M ratios indicating substantial inhibition of trans-
lation with elF3a depletion showing the most pronounced effect
(Figs 3B and EV3B). Addition of IAA to elF3b-mAID cells for 12h
did not affect the P/M ratio even so elF3b was 73% depleted
(Fig 3A and B, Appendix Fig S3A). Only ~90% depletion of elF3b
after 24h of IAA treatment led to a decrease in translation
(Appendix Fig S3A). In contrast, depletion of elF3k did not decrease
translation but rather caused a 6% (+£2.7%) increase in the P/M
ratio, a finding consistent with a previous study (Herrmannova
et al, 2020) and with the increased cell proliferation and tumor
growth observed with the eIF3k-mAID cell line (Fig 2).

To assess translation of individual mRNAs upon depletion of
elF3 subunits, we performed RNA-seq of triplicate samples of mRNA
contained in sucrose density gradient fractions corresponding to > 2
polyribosomes (polysomal mRNA). In parallel, we sequenced tripli-
cate samples of total cellular mRNA and compared the data to the
polysomal mRNA-seq (analysis strategy illustrated in Fig EV3C, all
data in Datasets EV1 and EV2). As shown in a scatterplot of Log2
fold changes of polysomal mRNA versus Log2 fold changes of total
mRNA, TAA treatment for 12h did not lead to any significant
changes (FDR <0.05) in polysomal mRNA of parental HCT116 cells,
and only 6 mRNAs were changed in the total RNA sample (Figs 3C
and EV3D). Similarly, the eIF3b-mAID cell line showed a small
number of changes in polysomal fractions (22 mRNAs), an observa-
tion that is consistent with the unchanged P/M ratio after 12h of
IAA administration (Fig 3B, Appendix Fig S3A). One hundred and
fifty-two mRNAs were changed in the total mRNA sample indicating

Figure 3. Effect of depletion of elF3 subunits on mRNA translation.

Haoran Duan et al

a distinct transcriptional response to short-term elF3b depletion
(Fig EV3D).

In contrast, depletion of elF3a for 12h led to a pronounced
downregulation of 5,049 polysomal mRNAs (Figs 3C and EV3D).
Only 1.58% of these changes also registered in the total mRNA
sample, indicating that the vast majority of the changes occurred at
the translational level. Depletion of elF3a also led to the induction
of 328 mRNAs in the total mRNA sample but only 26 (7.9%) of
these mRNAs were significantly increased in the polysomal mRNA
sample (Fig EV3D). This indicates that cells acutely depleted of
elF3a mount a transcriptional response, which fails to substantially
perpetuate into protein production after 12 h of elF3a depletion.

Cells depleted of elF3e or elF3f showed similar albeit blunted
responses. 2,561 mRNAs were downregulated in polysomes of
elF3e-depleted cells of which 5% were also downregulated in the
total mRNA sample. In elF3f-depleted cells, 1,058 mRNAs were
reduced in the polysomal fraction, and 1.7% of these changes were
reflected in the total mRNA sample (Figs 3C and EV3D). These
differences in numbers are consistent with the less pronounced
growth phenotypes of cells depleted of elF3f compared with elF3e
(Fig 2A and C). In stark contrast, in elF3k-depleted cells, only eight
mRNAs were downregulated in polysomes, whereas 155 mRNAs
were upregulated and only 3.2% of these changes occurred in the
total mRNA sample (Figs 3C and EV3D).

Interrogating the polysomal changes for overrepresented Gene
Ontology terms, no functional enrichments were obtained for elF3a-
depleted cells. This indicates that elF3a promotes the translation of
a wide array of mRNAs without any detectable selectivity. Likewise,
there was no enrichment for elF3b-depleted cells due to the low
number of mRNAs affected 12 h after IAA. In contrast, depletion of
elF3e and elF3f led to enrichment of an overlapping set of functional
categories, including ribosomes, mitochondrial organization, and
membrane processes in the sets of mRNAs whose polysomal asso-
ciation was decreased (Fig 3D, Dataset EV3). These categories agree
with those identified in our previous studies in yeast and MCF10A
cells (Shah et al, 2016, 3; Lin et al, 2020, 3). In contrast, the GO
terms “ribosomal subunit” and “polysome” were enriched in the set
of 155 mRNA which increased in the polysomal fraction upon deple-
tion of elF3k, suggesting a role of elF3k in regulating ribosome
biosynthesis (Fig 3D, Dataset EV3).

A The indicated conditional elF3 cell lines were exposed to 500 uM IAA for 12 h to induce the degradation of the respective elF3 subunits. Cell lysates were subjected to
immunoblotting to quantify the expression of the indicated elF3 subunits. Signals were normalized to the reference signal of actin and plotted relative to the vehicle
DMSO. Bars represent means + SD, n = 3. Numbers indicate P-values (unpaired Student’s t-test).

B The indicated cell lines were exposed to IAA for 12 h, and cell lysates were separated by sucrose density gradient centrifugation. The monosomal (M) and polysomal
(P) peaks were quantified, and P/M ratios relative to the vehicle DMSO were plotted. Bars represent means =+ SD, n =3. Numbers indicate P-values (unpaired Student’s

t-test).

C Scatter plots of changes in polysomal mRNA versus total mRNA upon depletion of the indicated elF3 subunits.
D Enrichment of Gene Ontology terms in the sets of polysome-associated mRNAs decreased in the polysomal fractions of elF3f- or elF3e-depleted cells or increased in

elF3k-depleted cells.

E Distribution histograms of translational efficiencies (TEs) of the mRNA sets shown in (C). The total number of mRNAs and the median TE of each dataset are
indicated. The number of up and down changes with FDR < 0.2 as well as the median of all changed items are indicated in red, blue, and black bold print.

F Distribution histograms of the protein synthesis ratios determined in elF3 subunit depleted versus replete cells. The total number of measured proteins and the
median synthesis change of each dataset are indicated. The number of up and down changes with FDR < 0.1 as well as the median of all changed items are

indicated in red and blueprint.

Data information: n = number of biological replicates.
Source data are available online for this figure.
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We also calculated translational efficiencies (TEs) defined as
Log2 polysomal mRNA / total mRNA (Dataset EV4). As expected,
median TEs were centered closely around O for parental HCT116
and elF3b-mAID cells after 12h of IAA (Fig 3E). TE fold change
medians were strongly reduced for elF3a (Log2rg=-1.07), elF3e
(Log21g=-0.43) and eIF3f (Log2rg=-0.28) depleted cells but
increased for elF3k-depleted cells (Log2rg=0.15) (Fig 3E). The
number of mRNAs whose TE changed (defined as changes at FDR <
0.2) in the various cell lines correlated with the overall effect
size on mRNA translation and ranged from 4,951 mRNAs in elF3a-
depleted cells to 1930, 103, and O in elF3e-, elF3f-, and elF3k-
depleted cells, respectively. The low number of TE changes in eIF3f-
and elF3k-depleted cells is due to the comparatively small effect size
on translation which we could not measure reliably.

A potential limitation of extrapolating mRNA translation from
the RNA-seq data is that co-fractionation with polyribosomes does
not necessarily indicate that an mRNA is actively translated. We
therefore performed an orthogonal analysis of protein synthesis by
metabolic pulse labeling with heavy amino acids and protein identi-
fication by LC-MS/MS (pSILAC, Selbach et al, 2008). Six hours after
the addition of IAA or the vehicle DMSO, eIF3-mAID cells were
labeled with heavy (*3C '°N) lysine and arginine for another 6h
and, as with the RNA-seq experiments, cells were harvested for LC—-
MS/MS after a total of 12 h in IAA. Log2 fold changes (Heavy IAA/
Heavy DMSO) in the labeling of eIF3 proficient and depleted cells
with heavy amino acids were determined to assess eIF3 subunit-
dependent differences in protein synthesis (Dataset EVS). Between
990 and 1771 proteins were measured in the various cell lines. Data
for 1,543 proteins from parental HCT116 cells showed that protein
synthesis was not perturbed by IAA treatment with not a single
protein differing at the FDR cutoff of 0.1 and the Log2 median fold
change (Log2,siac) centered narrowly around 0 (Fig 3F).

In stark contrast, the synthesis of 811 out of the total of 1,027
proteins measured (79 %) showed a reduction in elF3a-depleted cells
for a median Log2 fold change of -3.16 (Fig 3F). Similar albeit
weaker reductions were measured upon depletion of elF3e (median
Log2psiac=-0.52, 22.5% of measured proteins synthesis rates
decreasing) and eIF3f (median Log2psi.ac=-0.37, 2.1% of synthesis
rates decreasing; Fig 3F).

Surprisingly, protein synthesis was also downregulated in elF3b-
mAID cells 12h after addition of IAA (median Log2,siac=-0.72,
Fig 3F) even so polysome profiles and translation efficiency
(median Log2rg=0.0041) were unchanged at the same time point
(Fig 3B, Appendix Fig S3A). Among the 81 mRNAs downregu-
lated in the total but not the polysomal mRNA sample upon
treating eIF3b-mAID cells with IAA for 12h, we noticed a strong
enrichment of the GO terms “cellular amino acid metabolic
process” and “organic acid transport” (Appendix Fig S3B).
Manual inspection revealed the downregulation of several mRNAs
encoding amino acid transporters. These included SLC7AS5 and
SLC38A2 transporting neutral amino acids as well as SLC7Al
mediating the import of positively charged lysine and arginine,
which were used for stable isotope labeling in the pSILAC experi-
ment. We confirmed 13-30% downregulation of these amino acid
transporter mRNAs in total mRNA by qPCR but not in polysomal
mRNA fractions (Appendix Fig S3C and D). Thus, apparent down-
regulation of mRNAs encoding amino acid transporters at the
transcriptional level is most likely responsible for the reduction in
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protein synthesis observed upon shutoff of elF3b protein expres-
sion for 12 h.

In agreement with the RNA-seq-based TE, protein synthesis was
increased in elF3k-depleted cells rather than decreased (median
Log2psiac =1.23, 26% of synthesis rates increased, Fig 3F). Global
agreement between RNA-seq (TE) and protein synthesis (pSILAC)
data moving into the same directions was obtained for all elF3
conditional cell lines with the exception of el[F3b-mAID as expected
(Appendix Fig S4).

elF3k negatively modulates global protein synthesis through
suppressing ribosomal protein synthesis

The most striking contrast between elF3 subunits was the unique
upregulation of cell and tumor growth and global translation in
elF3k-depleted cells (Figs 2 and 3), whereas cells depleted of all
other elF3 subunits showed the opposite behavior. We first consid-
ered the possibility that depletion of elF3k causes increased growth
by sensitizing cells to mitogenic signaling. To test this, we asked
whether the growth advantage of elF3k-depleted cells would be
enhanced at reduced concentrations of fetal bovine serum (FBS),
thus indicating increased mitogen sensitivity. Reducing FBS from 10
to 5% or 2% did not lead to a greater advantage of elF3k-depleted
cells (Fig 4A). Instead, elF3k replete and depleted cells maintained
their characteristic difference in cell number increase over time,
which was also reflected in the metabolic assay measuring NAD(P)
H levels (CCK-8, Appendix Fig S5A). We also did not observe any
differences in serum stimulated mitogenic signaling with mTOR, S6
kinase, and Erkl/2 phosphorylation being induced with similar
kinetics in eIF3k replete and depleted cells (Fig 4B, Appendix
Fig S5B), findings that are consistent with the cell cycle kinetics in
Fig 2C. Likewise, cells showed no difference in sensitivity to the
mTOR inhibitor rapamycin depending on elF3k status as determined
by immunoblotting with phosphospecific mTOR antibodies (Fig 4C,
Appendix Fig S5C). We did note a distinct increase in phosphory-
lated S6 kinase in elF3k-depleted cells (Fig 4C, Appendix Fig S5C),
suggesting that ribosome activity may be increased. In summary,
these data suggest that increased growth of elF3k-depleted cells is
not due to increased responsiveness to mitogenic stimulation.

Since ribosome capacity is limiting for growth (Dai & Zhu, 2020),
increased ribosome synthesis as apparent from the GO term enrich-
ment (Fig 3D) might explain enhanced cell and tumor growth of
elF3k-depleted cells. Indeed, as judged by sucrose density gradient
profiling of lysate prepared from an equal number of cells, depletion
of elF3k for 12 or 48 h led to a 6.5-6.9% (P < 0.005) increase in total
cellular ribosome content (Fig SA, Appendix Fig S6A). RT-gqPCR
quantification of ribosomal RNA in sucrose density gradient frac-
tions revealed a 43.08% (P=0.045) increase in 18S rRNA and a
17.71% (P=0.249) increase in 28S rRNA in elF3k-depleted cells
(Fig 5B). In line with the GO term enrichment analysis, inspection
of the global transcriptomic and proteomic eIF3k-mAID datasets
revealed a list of 12 ribosomal proteins (RPs) whose mRNAs were
significantly upregulated in polysomal RNA (FDR < 0.05) but not in
the total mRNA, thus having an increased TE (Dataset EV6). The
corresponding proteins also showed increased synthesis by pSILAC
(Dataset EV6). Surveying our data on all 75 RPs detected, we found
95% of them upregulated in polysomal mRNA and having increased
TE in elF3k-depleted cells (Appendix Fig S6B-D). The majority of
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RPs also showed increased synthesis by pSILAC (Appendix
Fig S6E). To directly quantify cellular ribosome content, we
performed quantitative LC-MS/MS analysis of polysomal fractions
and found that 85% of RPs were increased in elF3k-depleted cells
for an average 1.32-fold upregulation (Appendix Fig S6F). Thus,

The EMBO Journal

depletion of elF3k causes an increase in total ribosome content
along with increased cell proliferation.

We chose three RP-encoding mRNAs, RPSISA (uS8), RPS4X
(eS4), and RPL7A (eL8) to determine their partitioning into mono-
somal and polysomal mRNA fractions by RT-qPCR. Triplicate
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Figure 4. Effect of elF3k depletion on growth factor sensitivity.

A elF3k-mAID cells were maintained in media containing different concentrations of FBS and DMSO or IAA as indicated, and cell numbers were determined at various
time points. Data represent means & SD, n =3 biological replicates. Numbers indicate P-values (two-stage step-up method of Benjamini, Krieger, and Yekutieli).

B elF3k-mAID cells were serum starved by maintaining in media containing 0% FBS for 24 h. During the last 12 h of starvation, DMSO or IAA was added as indicated.
Cells were restimulated with media containing 10% FBS, and the expression of the indicated proteins was followed over a period of 120 min. The data from triplicate
experiments were quantified and plotted as relative ratios of phosphorylated to unphosphorylated species. Bars represent means =+ SD, n = 3 (see Appendix Fig S5B).
Numbers indicate P-values (unpaired Student’s t-test).

C elF3k-mAID cells were exposed to IAA or DMSO for 12 h, followed by the addition of increasing concentrations of rapamycin for 1 h. The expression of the indicated
proteins was determined by immunoblotting. The data from triplicate experiments were quantified and plotted as relative ratios of phosphorylated to unphosphory-
lated species. Bars represent means + SD, n =3 (see Appendix Fig S5C). Numbers indicate P-values (unpaired Student’s t-test).

Source data are available online for this figure.
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Figure 5. Effect of elF3k depletion on ribosome content and RPS15A.

Lysates of elF3k-mAID cells exposed to DMSO or IAA for 12 h were separated by sucrose density gradient centrifugation. Total ribosome content was determined by

Total ribosome occupancy of the indicated mRNAs in elF3k-mAID cells exposed to DMSO or IAA for 12 h was determined by RT-qPCR of RNA across a sucrose density
gradient (see Materials and Methods). Bars represent means + SD, n = 3; numbers indicate P-values (unpaired Student’s t-test). Triplicate RT-qPCR data across the

Equal numbers of elF3k-mAID cells stably expressing ectopic RPS15A (pCDH-RPS15A) or empty vector (pCDH) were plated and counted over a period of 6 days. Graphs
1 x 10° elF3k-mAID cells stably expressing ectopic RPS15A (pCDH-RPS15A) or empty vector (pCDH) were injected into nude mice and tumor growth was followed for

Lysate of elF3k-mAID cells stably expressing ectopic RPS15A (pCDH-RPS15A) or empty vector (pCDH) were separated by sucrose density gradient centrifugation. Total
ribosome content was determined by integrating and summing the monosomal and polysomal peak areas. Error bars represent means = SD, n = 3. Numbers indicate

Equal numbers of elF3k-mAID cells stably expressing ectopic RPS4X (pCDH-RPS4X) or empty vector (pCDH) were plated and counted over a period of 6 days. Graphs
represent means =+ SD, n=3. Numbers indicate P-values (two-stage step-up method of Benjamini, Krieger, and Yekutieli). Total ribosome content of these cells was

A
integrating the monosomal and polysomal peaks and plotted. Error bars represent means & SD, n =3. Numbers indicate P-values (unpaired Student’s t-test).
B 18S and 28S rRNA levels were determined by RT-qPCR across a sucrose density gradient. Bars represent mean rRNA levels in summed monosomal and polysomal
fractions & SD, n =3; numbers indicate P-values (unpaired Student’s t-test).
C
sucrose gradient are shown below the bar graphs.
D
represent means =+ SD, n=3. Numbers indicate P-values (two-stage step-up method of Benjamini, Krieger, and Yekutieli).
E
2 weeks. Graphs represent means + SD, n = 5-7 (see Fig EV4B). Numbers indicate P-values (two-stage step-up method of Benjamini, Krieger, and Yekutieli).
F
P-values (unpaired Student’s t-test).
G
determined as described in (A).
H

Steady-state free ribosomal pool and translation rate as a function of elF3k concentration (top two graphs) and the steady-state translation rate as a function of elF3a

concentration (bottom graph). The concentration of other elF3 subunits is kept constant at 0.5.

Data information: n = number of biological replicates.
Source data are available online for this figure.

experiments confirmed increased polysomal association of RP-
encoding mRNAs 12 h after adding IAA to elF3k-mAID cells, while
no such increase was seen for elF3k-independent PATZI1, PTPRU,
JUNB, and HSPH1 mRNAs (Fig 5C). Similar results were obtained
after extending elF3k depletion to 48h (Fig EV4A). The data
strongly suggest that RP mRNAs are targets of negative translational
control by elF3k.

RPS15A is special because it is frequently overexpressed in
human colorectal cancers (Chen et al, 2016), and its overexpression
was shown to be sufficient to promote tumor growth in mice,
although its effects on translation were not assessed (Guo
et al, 2018; Liu et al, 2019). We found that stable overexpression of
RPS15A mimicked the effect of elF3k depletion on cell growth,
leading to a marked stimulation (Fig 5D). Likewise, RPS15A overex-
pression was sufficient to increase tumor growth (Figs SE and
EV4B) and the total cellular ribosome content (Fig S5F). No stimula-
tion of cell growth and ribosome content was obtained upon ectopic
expression of RPS4X (Fig 5G). These data suggest that depletion of
elF3k promotes cell and tumor growth by increasing cellular ribo-
some content.

To gauge the plausibility of this conjecture, we sought to inte-
grate our experimental data into a mathematical-computational
predictive model. We adopted our previously developed ribosome
flow model (Reuveni et al, 2011; Zarai & Tuller, 2018) that captures
fundamental aspects of translation, including (i) potential differ-
ences in decoding time for each codon, which is related to the local
biophysical properties of the mRNA (e.g., its folding and the
encoded amino acids) and its interaction with translation factors
and/or the availability of such factors (e.g., tRNA levels); (ii) initia-
tion rates, which are affected by the properties of the mRNA and
initiation factors as well as global factors such as the concentrations
of ribosomes and translation factors; (iii) multiple ribosomes trans-
lating the same mRNA at a certain point in time; (iv) excluded
volume interactions between ribosomes and possible traffic jams;
(v) directionality of the ribosome flow (the flow is totally asym-
metric, i.e., unidirectional); (vi) the fact that mRNA molecules
compete for a finite pool of ribosomes. Based on parameters derived

© 2023 The Authors

from ribosome foot printing data of HEK293 cells (Dana &
Tuller, 2015), the model can predict the exact relations between the
levels of distinct elF3 subunits and global translation variables such
as translation rates and the free ribosomal pool, which are expected
to be positively correlated with growth rate. Using TP53 as a model
mRNA, we simulated the effect of the elF3k concentration on the
free ribosomal pool and the translation rate, as well as the effect of
the elF3a concentration on the translation rate. As apparent in
Fig SH, decreasing the elF3k concentration increases the steady-
state free ribosomal pool, which in turn increases the translation
rate. In contrast, decreasing elF3a concentration decreases the
steady-state translation rate via its effect on initiation. Similar
results were obtained for simulating steady-state average ribosome
density (p) and steady-state average ribosome jams (0) (Fig EV4C).
At the nominal value of concentration 0.5, the model predicts that
an 80% depletion of elF3k results in a 13.4% increase in the steady-
state free ribosomal pool (Fig EV4D), a prediction that approximates
the experimental data. Thus, the simulations readily capture key
experimental observations of our study: (i) elF3k has a negative
effect on the ribosome pool, and thus on the global initiation rate,
translation rate, and growth. (ii) elF3a positively affects the transla-
tion rate via initiation.

elF3k-dependent suppression of RPS15A mRNA translation is
mediated by elF3 binding to the 5'-UTR

Our results suggested that elF3k is a negative modulator of the
translation of RP mRNAs, especially RPS1SA. To address mechan-
isms of this regulation, we examined global CLIP datasets (Lee
et al, 2015; Meyer et al, 2015) for the presence of elF3-binding sites
in RPS15A and RPS4X (Fig 6A). To assess the requirement of these
binding sites for the translation of RPSI5A and RPS4X mRNAs, we
performed CRISPR/Cas9 genome editing to delete the binding sites
from both alleles of el[F3k-mAID cells. We could not obtain viable
cells upon editing RPS4X. We subsequently determined by long-read
RNA sequencing that the mapped elF3-binding site is only present
in a minor isoform of RPS4X mRNA (~5% of the total pool in
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Figure 6. Effect of the elF3-binding site on cell proliferation and RPS15A.

The EMBO Journal

A 5'-UTR sequences of RPS15A and RPS4X. 5'-TOP element known to boost translation of ribosomal protein mRNAs (Meyuhas, 2000) are highlighted in gold prints, the
elF3-binding sites mapped by Lee et al (2015) and Meyer et al (2015) are highlighted in red print. The alleles created by gene editing are shown (S15A-elF3KO, S4X-
elF3KO0). Note that the elF3-binding site in RPS4X is upstream of or overlapping with the major transcription start site. Thus, the S4X-elF3KO truncation we failed to

generate most likely abolished the transcription of RPS4X mRNA.

B Parental elF3k-mAID cells or S15A-elF3KO cells (clones #45 and #361) were maintained in standard media, and cell numbers were determined at various time points.
Data represent means =+ SD, n = 3. Asterisks denote: *P < 0.005, **P < 0.00005, ***P < 0.000005 (two-stage step-up method of Benjamini, Krieger, and Yekutiel).

C Relative levels of mRNAs encoding RPS15A, RPS4X, and RPL7A before and after depletion of elF3k were determined in the indicated cell lines by RT-qPCR. Data were
normalized to the signal obtained for GAPDH. Bars represent means + SD, n =3; numbers indicate P-values (unpaired Student’s t-test).

D Relative translational efficiencies (TEs) of mMRNAs encoding RPS15A, RPS4X, and RPL7A before and after depletion of elF3k were determined in the indicated cell lines.
RT—qPCR was performed on total RNA and on RNA contained within polysomal fractions > 2 ribosomes, and TE was calculated according to the formula TE =
polysomal mRNA / total mRNA. Bars represent means = SD, n = 3; numbers indicate P-values (unpaired Student’s t-test).

E Basal expression of the indicated proteins was determined in parental elF3k-mAID cells or S15A-elF3KO cells (clones #45 and #361) by immunoblotting, followed by
quantification of the blots. Bars represent means + SD, n =3 (Fig EV5A). Numbers indicate P-values (unpaired Student’s t-test).

Data information: n = number of biological replicates.
Source data are available online for this figure.

human lymphocytes, Fig 6A). Genomic deletion of the elF3-binding
site is predicted to disrupt the promoter of the major mRNA species,
thus likely abolishing the transcription of ~95% of the RPS4X
mRNA and leading to lethality. This does not rule out a role of the
elF3-binding site in increasing the translation of the minor isoform
of RPS4X mRNA in elF3k-depleted cells, but this cannot be
addressed by genomic deletion of the mapped binding site.

RPS15A 5'-UTR edited cell lines were obtained, however, which
were denoted S15A-eIF3KO clones #45 and #361. While the edited
cells grew slower than the parental elF3k-mAID cells (Fig 6B), they
had ~2-fold increased RPSI1SA but not RPS4X or RPL7A mRNA
levels (Fig 6C). However, TE of RPSISA mRNA was ~ 2-fold lower
in the 5-UTR edited cell lines (Fig 6D), observations that were
consistent with a 2-fold reduction in RPS15A but not RPS4X or
RPL7A protein (Figs 6E and EVSA). These data indicate that the
elF3-binding site in the 5-UTR of the RPSISA mRNA acts as an
amplifier of RPSISA mRNA translation. elF3k and eIF3l were also
reduced in S15A-elF3KO cells, possibly as a compensatory measure
aimed at boosting RPS15A translation (Fig EVSA).

Despite these baseline changes, S15A-e[F3KO cells depleted for
elF3k did not show the increase in growth rate found in the parental
elF3k-mAID cells (Fig 7A). Likewise, the growth of tumors derived
from S15A-elF3KO cells was not stimulated upon elF3k
depletion (Fig 7B). In agreement with these growth phenotypes,

Figure 7. Effect of elF3k S15A-elF3KO cells.

elF3k-depleted S15A-elF3KO cells did not show an increase in total
ribosome content (Figs 7C and EV5B). Unlike in parental elF3k-
mAID cells, depletion of elF3k in S15A-eIF3KO cells did not lead to
increased recruitment of RPSISA mRNA into polysomes, whereas
the stimulation was largely maintained for RPS4X and RPL7A
mRNAs (Figs 7D and EV5C). Likewise, the increase in the TE of
RPSI5A mRNA observed in elF3k-depleted parental cells was not
apparent in 5’ -UTR edited S15A-eIF3KO cells (Fig 6D). Finally, RNA
immunoprecipitation with elF3c antibodies showed that binding of
elF3 to RPSISA mRNA was diminished in S15A-elF3KO cells but
increased in eIF3k-mAID cells upon downregulation of elF3k
(Fig 7E). Importantly, ectopic expression of RPS15A rescued prolif-
eration of S15A-eIF3KO cells (Fig 7F), indicating that failure to
augment RPS15A levels is the primary reason for the lack of growth
stimulation of S15A-elF3KO cells by depletion of elF3k. In summary,
these data suggest that physical interaction of eIF3 with the 5-UTR
of RPS15A imparts critical control on RPS15A mRNA translation and
tumor cell growth.

Depletion of elF3k confers stress resistance dependent on the
elF3-binding site in RPS15A mRNA

Deletion of elF3k and its binding partner elF3] was previously
shown to confer resistance to tunicamycin-induced endoplasmic

A Parental elF3k-mAID cells or S15A-elF3KO cells (clones #45 and #361) were maintained in media with DMSO or IAA, and cell numbers were determined at various
time points. Data represent means =+ SD (too small to be visible), n = 3. All P-values (two-stage step-up method of Benjamini, Krieger, and Yekutieli) were > 0.45 except

at the single time point where indicated otherwise.

B 1x10° S15A-elF3KO (clone #361) cells were injected into nude mice. When tumors reached a diameter of ~ 4 mm, mice were treated with vehicle or 500 mg/kg IAA,
and tumor growth was measured for 2 weeks. Graphs represent means =+ SD, n =5-7. Numbers indicate P-values (two-stage step-up method of Benjamini, Krieger,

and Yekutieli).

C Lysate of S15A-elF3KO cells (clones #45 and #361) were separated by sucrose density gradient centrifugation. Total ribosome content was determined by integrating
and summing the monosomal and polysomal peak areas. Error bars represent means =+ SD, n = 3 (see Fig EV5B). Numbers indicate P-values (unpaired Student’s t-test).

D Total ribosome occupancy of the indicated mRNAs in S15A-elF3KO (clone #361) cells exposed to DMSO or IAA for 12 h was determined by RT-qPCR of RNA across a
sucrose density gradient (see Materials and Methods). Bars represent means =+ SD, n = 3; numbers indicate P-values (unpaired Student’s t-test). Triplicate RT-qPCR

data across the sucrose gradient are shown below the bar graphs.

E RNA immunoprecipitation. elF3k-mAID and S15A-elF3KO (clone #361) cells were exposed to DMSO or IAA for 12 h. Cell lysates were employed in immunoprecipitation
with elF3c antibodies and co-precipitated mRNAs were quantified by qPCR. Bars represent means =+ SD, n = 4; numbers indicate P-values (unpaired Student’s t-test).

F Equal numbers of S15A-elF3KO (clone #361) cells stably expressing ectopic RPS15A (pCDH-RPS15A) or empty vector (pCDH) were plated and counted over a period of
6 days. Graphs represent means =+ SD, n = 3. Asterisks denote: *P < 0.005, **P < 0.00005, ***P < 0.000005 (two-stage step-up method of Benjamini, Krieger, and Yeku-

tieli).
Data information: n = number of biological replicates.
Source data are available online for this figure.

© 2023 The Authors
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A The indicated elF3-mAID cell lines were treated with DMSO or IAA for 12 h, followed by exposure to 2 ug/ml tunicamycin for up to 72 h. Metabolic activity (i.e., NAD(P)
H) as a proxy of cell viability was determined by CCK8 assay. Graphs represent the percentage of change in cell viability upon downregulating elF3 subunits with I1AA.

Data are means + SD, n=3.

B Same experiment as in (A) but cells were exposed to increasing concentrations of the oxidative stress inducer tert-butyl hydroperoxide (TBHP) for 2 h.

C The indicated elF3-mAID cell lines were treated with DMSO or IAA for 12 h, followed by exposure to 2 ug/ml tunicamycin for 24 h. The expression of individual elF3
subunits, ribosomal proteins, and the ER stress marker BIP was assessed by immunoblotting. Tubulin is shown for reference. The data from triplicate experiments
were quantified and to avoid overcrowding of the graph data obtained from IAA-treated cells were not plotted. Bars represent means & SD, n =3 (see

Appendix Fig S7). Numbers indicate P-values (unpaired Student’s t-test).

Data information: n = number of biological replicates.
Source data are available online for this figure.

reticulum (ER) stress in C. elegans, although no mechanistic expla-
nation was provided (Cattie et al, 2016). Testing elF3-mAID cell
lines for sensitivity to 2 pg/ml tunicamycin, we found that depletion
of elF3k conferred resistance, whereas cell lines depleted of any of
the other elF3 subunits were sensitive in the CCK-8 assay (Fig 8A,
Appendix Fig S7A). elF3k-mAID cells ectopically expressing RPS15A
showed the same resistance as cells depleted of elF3k, whereas
elF3k depletion did not affect the sensitivity of S15A-eIF3KO cells
(Fig 8A, Appendix Fig S7A). Similar behaviors of the various cell
lines were observed for oxidative stress induced by tert-butyl hydro-
peroxide (Fig 8B, Appendix Fig S7B). Taken together, these results

© 2023 The Authors

link elF3k-dependent stress resistance to its role in controlling
RPS15A mRNA translation.

Finally, we determined the effect of tunicamycin on the levels of
individual eIF3 subunits. Whereas 2 pg/ml tunicamycin for 24 h did
not substantially affect the levels of elF3a, b, c, d, e, and f, elF3k
and elF3] were selectively downregulated by the treatment (Fig 8C,
Appendix Fig S7C). Whereas the underlying mechanisms remain to
be established, this response provides a facile mode for creating a
cellular eIF3 complex devoid of the eIlF3k-1 module that could boost
cell fitness and tumor growth through RPS15A-dependent increases
in ribosome content.

The EMBO journal 42: 11236212023 15 of 26
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Figure 9. Model of the dual role of elF3k in the translation of RPS15A mRNA.

When the elF3-binding site in the 5'-UTR is occupied by holo-elF3 containing the elF3k-l module, RPS15A mRNA is translated efficiently at basal rate. When the elF3k-I
module is missing (or functionally inactivated, perhaps degraded in response to stress conditions), the remaining elF3 complex boosts maximal translation of RPS15A
MRNA through the elF3-binding site. The extra RPS15A then boosts ribosome content, translation, and growth, for example by completing substoichiometric ribosomes.

Discussion
Modular architecture of elF3 and mRNA selectivity

Our quantitative data on elF3 complex formation and mRNA trans-
lation in cells acutely depleted of elF3 subunits reinforce the model
that holo-elF3 consists of functionally distinct modules with distinct
mRNA selectivity (Zhou et al, 2005; Shah et al, 2016; Lin
et al, 2020). Our data are consistent with previous studies relying on
knockdown of eIF3 subunits for 72 h (Wagner et al, 2014, 2016; Lin
et al, 2020), but due to the acute depletion afforded by the mAID
system, we can assess the effects of eIlF3 subunit depletion on holo-
elF3 and mRNA translation largely independent of compensatory
effects in response to long-term subunit depletion.

Consistent with its role as a nucleation core of holo-elF3 forma-
tion (Smith et al, 2016; Wagner et al, 2016), elF3a was found to be a
global regulator of mRNA translation affecting upwards of 5,000
mRNAs in HCT116 cells. The impact of elF3a is so pervasive that no
functional categories were enriched in its set of target mRNAs. Since
depletion of elF3a leads to disassembly of the octameric core
complex, it is likely that it abolishes all functions of holo-elF3 in
mRNA translation.

elF3e affects a far more restricted set of mRNAs, many encoding
proteins engaged in mitochondrial and membrane-associated func-
tions. This confirmed our previous findings in fission yeast and
human MCF10A cells where elF3e—likely in complex with elF3d—
functions to promote early translation elongation of mRNAs

16 of 26 The EMBO journal ~ 42: €112362 | 2023

encoding membrane-associated proteins (Shah et al, 2016; Lin
et al, 2020). Short-term depletion of elF3f had a similar effect on
holo-eIF3 as depletion of elF3e and regulated an overlapping set of
mRNAs, although its effects on mRNA translation and cell prolifera-
tion were less pronounced. This is surprising considering that eIF3f
but not elF3e is essential for viability in S. pombe (Zhou
et al, 2005). Regardless, elF3f target mRNAs enriched similar mito-
chondrial and membrane-associated functional categories as the
elF3e dataset, although it is presently unclear whether elF3f also
affects early translation elongation. Our data from HCT116 cells do
not support previous conclusions that eIF3f is an inhibitor of global
translation (Shi et al, 2006); only 17 mRNAs were increased in the
polysomal fraction upon depletion of elF3f (Fig EV3D).

Surprisingly, short-term downregulation of elF3b by ~73% did
not affect mRNA translation despite beginning depletion of the
elF3b-g-i subcomplex. Even at strongly reduced elF3b levels, cells
maintained amounts of holo-eIF3 that are ostensibly sufficient for
global mRNA translation (Fig 1C). Nevertheless, as shown by
PSILAC proteomics, protein synthesis was reduced in cells depleted
of elF3b for 12 h. This reduction correlated with decreased levels of
mRNAs encoding amino acid transporters and tRNA synthetases
(Appendix Fig S3C and D), pointing to a possible moonlighting func-
tion of elF3b in mRNA transcription or stability control that may be
more sensitive to acute changes in elF3b levels than its function in
translation. Consistent with this possibility, changes at the level of
total mRNA are most abundant in elF3b-depleted cells compared
with all other eIF3-mAID cell lines (Fig EV3D) and a fraction of

© 2023 The Authors
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elF3b is known to localize to the cell nucleus (https://www.
proteinatlas.org/ENSG00000106263-EIF3B/subcellular#human).
Despite quantitative and qualitative differences in mRNA selec-
tivity, all tested elF3 subunits except elF3k were required for cell
and tumor growth. This is consistent with cell autonomous pro-
oncogenic functions of these eIlF3 subunits and renders studies
suggesting tumor suppressor functions of elF3e and elF3f difficult to
reconcile (Marchione et al, 2013; Sesen et al, 2017). It is noteworthy
in this context that eIF3f is essential in fission yeast (Zhou
et al, 2005) and elF3f and elF3e homozygous knockout mice are
early embryonic lethal (Sadato et al, 2018; Docquier et al, 2019; Lin
et al, 2020). It is thus unclear what tumor cells stand to gain from
reducing the levels of these essential growth-promoting factors.

Dual function of elF3 in the regulation of RPS15A mRNA
translation: possible role of elF3k as a regulator of ribosome
reserve capacity

elF3k was found to be unique in that its depletion promoted cell
and tumor growth, effects presumably mediated by the elF3k-1
module. This unusual gain of fitness was not attributable to
increased sensitivity to mitogenic signaling but rather to an increase
in total ribosome content and global translation. The observed
inverse relationships between elF3k levels with ribosome content
and global translation were recapitulated in the RFM model of
mRNA translation, thus underpinning our experimental observa-
tions by computational modeling.

RPS15A is known to bind eIF3 in its 5-UTR (Lee et al, 2015;
Meyer et al, 2015), and deleting this binding site had two effects: (i)
It reduced cell proliferation and caused a ~ 50% decrease in RPS15A
protein. (ii) It prevented the increase in ribosome content and cell
and tumor growth induced by depletion of eIF3k. Thus, the elF3-
binding site has a dual function in controlling RPS15A: (i) It posi-
tively regulates the basal translation of RPSI5A mRNA, and (ii) it
negatively regulates the maximal rate of RPSI1SA mRNA translation
via elF3k (Fig 9). A repressive effect of elF3 via 5'-UTR binding has
previously been described for the mRNA encoding ferritin light
chain (Pulos-Holmes et al, 2019), although the repression was not
attributed to a distinct subunit. elF3k-mediated repression of
RPSI5A translation thus represents an example of subunit-selective
translational repression by elF3 through an element in the 5'-UTR.
Dual positive and negative functions of nucleic acid binding motifs
depending on the subunit composition or posttranslational modifica-
tion of binding protein complexes are well established in transcrip-
tional regulation (Henley & Dick, 2012). In conclusion, through

Materials and Methods
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Reagent/Resource Reference or Source

The EMBO Journal

elF3k, elF3 functions as a rheostat to keep RPSI5A mRNA transla-
tion within relatively narrow boundaries.

Whereas ectopic expression of several RPs induces nucleolar
stress and p53-dependent growth arrest (Lohrum et al, 2003; Zhang
et al, 2003; Jin et al, 2004), ectopic RPS15A increased ribosome
content and augmented cell and tumor growth. We envision at least
two possibilities how RPS15A might bring about these dominant
effects: (i) RPS1SA may increase ribosome content through an
unknown extra-ribosomal function (Wool, 1996) that broadly
promotes ribosome biogenesis. (ii) RPS15A may mobilize reserve
ribosome capacity, possibly by completing a pool of substoichio-
metric ribosomes known to exist in S. cerevisiae (Yu et al, 2020).
Similarly, completion of ribosome subunit stoichiometry by
boosting the expression of substoichiometric ribosomal proteins
was linked to increased cell growth (Slavov et al, 2015) and
neuronal mRNA translation (Fusco et al, 2021).

What might be the physiological role of the proposed function
of elF3k as a rheostat for keeping RPSISA mRNA translation
within relatively narrow limits? The general picture emerging from
studies in microbes (Mori et al, 2017; Korem Kohanim et al, 2018)
and mammalian systems (Slavov et al, 2015) is that reserve ribo-
some capacity endows cells with the ability to respond quickly to
changes in environment. For example, ribosome capacity can
become limiting under environmental stress conditions when cells
are swamped with stress-induced transcripts that need to be
turned into new proteins quickly (Lee et al, 2011). Our data intro-
duce elF3k as a new regulator of ribosome capacity at the level of
translation. A possible model is that stress signaling triggers the
loss or functional inactivation of elF3k and elF3l such that the
residual eIF3 complex lacking these subunits maximally stimulates
RPSISA translation (Fig 9). Consistent with this model is the
observation that loss-of-function mutations in elF3k and elF3I lead
to enhanced resistance of C. elegans to endoplasmic reticulum
stress induced by tunicamycin (Cattie et al, 2016), a phenotype we
reproduced and extended to oxidative stress in HCT116 cells
(Fig 8A and B).

Within the tumor microenvironment, cancer cells are well
known to be exposed to rapid fluctuations in nutrient, pH, and
redox conditions (Luo et al, 2009). In light of our discoveries, the
downregulation of elF3k we identified in human colon and renal
cancers may enable tumor cells to tap into ribosome reserves to
maximize stress resilience without a substantial cost on growth. If
so, this stress mitigation pathway may present an attractive target
for interventions geared toward disabling elF3-boosted ribosome
capacity.

Identifier or Catalog Number

Experimental Models

HCT116 CMV-OsTIR1

Riken Bioresource Research Center of Japan

RCB4662, RRID: CVCL_R]11

Mouse: BALB/c male nude mice

Xiamen University Laboratory Animal Center N/A

Recombinant DNA

RPS15A sgRNA-1 lentiCRISPR v2 plasmid This manuscript

Addgene submission pending
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RPS15A sgRNA-2 lentiCRISPR v2 plasmid

This manuscript

Addgene submission pending

RPS15A sgRNA-4 |entiCRISPR v2-Blast plasmid

This manuscript

Addgene submission pending

RPS15A sgRNA-5 lentiCRISPR v2-Blast plasmid

This manuscript

Addgene submission pending

RPS4X sgRNA-1 lentiCRISPR v2 plasmid

This manuscript

Addgene submission pending

RPS4X sgRNA-2 lentiCRISPR v2 plasmid

This manuscript

Addgene submission pending

RPS4X sgRNA-3 lentiCRISPR v2-Blast plasmid

This manuscript

Addgene submission pending

RPS4X sgRNA-4 |entiCRISPR v2-Blast plasmid

This manuscript

Addgene submission pending

elF3a- pMK289 (mAID-mClover-NeoR) plasmid

This manuscript

Addgene submission pending

elF3a- pMK293 (mAID-mCherry2-Hygro)
plasmid

This manuscript

Addgene submission pending

elF3b- pMK289 (mAID-mClover-NeoR) plasmid

This manuscript

Addgene submission pending

elF3b- pMK293 (mAID-mCherry2-Hygro)
plasmid

This manuscript

Addgene submission pending

elF3e- pMK289 (mAID-mClover-NeoR) plasmid

This manuscript

Addgene submission pending

elF3e- pMK293 (mAID-mCherry2-Hygro)
plasmid

This manuscript

Addgene submission pending

elF3f- pMK289 (mAID-mClover-NeoR) plasmid

This manuscript

Addgene submission pending

elF3f- pMK293 (mAID-mCherry2-Hygro) plasmid

This manuscript

Addgene submission pending

elF3k- pMK289 (mAID-mClover-NeoR) plasmid

This manuscript

Addgene submission pending

elF3k- pMK293 (mAID-mCherry2-Hygro)
plasmid

This manuscript

Addgene submission pending

pCDH-CMV-RPS15A-3xHA plasmid

This manuscript

Addgene submission pending

pCDH-CMV-RPS4X-3xHA plasmid

This manuscript

Addgene submission pending

Px459VQR Addgene Cat # 101715
lentiCRISPR v2-Blast plasmid Addgene Cat # 83480
lentiCRISPR v2 plasmid Addgene Cat # 52961
pMK289 (mAID-mClover-NeoR) Addgene Cat # pMK289
pMK293 (mAID-mCherry2-Hygro) Addgene Cat # pMK293
pMDLg/pRRE Addgene Cat # 12251
pRSV-Rev Addgene Cat # 12253
pVSV-G Addgene Cat # 138479
pMD2.G Addgene Cat # 12259
psPAX2 Addgene Cat # 12260
pCDH-CMV-MCS-EF1-puro-3xFlag-3xHA generously provided by L. Wen (Xiamen University) N/A

Antibodies

Goat Anti-Rabbit 1gG (WB 1:5,000)

Thermo Fisher

Cat # 31460; RRID: AB_228341

Goat anti-Mouse IgG (WB 1:5,000)

Thermo Fisher

Cat # 31430; RRID: AB_228307

Normal Rabbit IgG

Cell Signaling Technology

Cat # 2729; RRID: AB_1031062

Mouse Monoclonal anti-p-Actin (WB 1:2,000)

SIGMA-ALDRICH

Cat # A5441; RRID: AB_476744

Mouse Polyclonal anti-a-Tubulin (WB 1:2,000)

Santa Cruz Biotechnology

Cat # sc-398103; RRID: AB_476744

Mouse Monoclonal anti-mini AID-tag (WB MBL Cat # M214-3; RRID: AB_2890014
1:2,000)

Mouse Monoclonal Anti-HA tag (WB 1:2,000) Abclonal Cat # AE00S; RRID: AB_2770404
Rabbit Polyclonal Anti-elF3a (WB 1:2,000) Novus Cat # NBP1-18891; RRID: AB_1625664
Rabbit Polyclonal Anti- elF3b (WB 1:2,000) Bethyl Cat # A301-761A; RRID: AB_1210995
Rabbit Polyclonal Anti- elF3c (WB 1:2,000) Bethyl Cat # A300-377A; RRID: AB_2096755
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Reagent/Resource Reference or Source Identifier or Catalog Number
Rabbit Polyclonal Anti- elF3d (WB 1:2,000) Bethyl Cat # A301-758A; RRID: AB_1210970
Rabbit Polyclonal Anti- elF3e (WB 1:2,000) Bethyl Cat # A302-985A; RRID: AB_10749034
Rabbit Polyclonal Anti- elF3f (WB 1:2,000) Bethyl Cat # A303-005A; RRID: AB_10748371
Rabbit Polyclonal Anti- elF3g (WB 1:2,000) Bethyl Cat # A301-757A; RRID: AB_1210991
Rabbit Polyclonal Anti- elF3i (WB 1:2,000) Abcam Cat # ab128629; RRID: AB_2863386
Rabbit Polyclonal Anti- elF3k (WB 1:2,000) Novus Cat # NB100-93304; RRID: AB_1236913
Rabbit Polyclonal Anti- elF3l (WB 1:2,000) GeneTex Cat # GTX120119; RRID: AB_11169154
Rabbit Polyclonal Anti- RPL7 (WB 1:2,000) Abcam Cat # ab72550; RRID: AB_1270391
Rabbit Polyclonal Anti- RPS19 (WB 1:2,000) Bethyl Cat # A304-002A; RRID: AB_2620351
Rabbit Polyclonal Anti- RPS15A (WB 1:2,000) Abclonal Cat # A10241; RRID: AB_2757767
Rabbit Polyclonal Anti- RPS4X (WB 1:2,000) Abclonal Cat # A6730; RRID: AB_2767314

Rabbit Monoclonal Anti- mTOR (7C10) (WB
1:2,000)

Cell Signaling Technology

Cat # 2983;RRID: AB_2105622

Rabbit Monoclonal Anti- Phospho-mTOR
(Ser2448) (D9C2) (WB 1:2,000)

Cell Signaling Technology

Cat # 5536; RRID: AB_10691552

Rabbit Polyclonal Anti- p70 S6 Kinase (49D7)
(WB 1:2,000)

Cell Signaling Technology

Cat # 2708; RRID: AB_390722

Rabbit Polyclonal Anti- Phospho-p70 S6 Kinase
(Thr389) (WB 1:2,000)

Cell Signaling Technology

Cat # 9234; RRID: AB_2269803

Rabbit Monoclonal Anti- ERK1/2 (WB 1:2,000) Abclonal Cat # A4782; RRID: AB_2863347
Rabbit Monoclonal Anti- Phospho-ERK1/2 Abclonal Cat # AP0974; RRID: AB_2863871
(Thr389) (WB 1:2,000)

Rabbit Monoclonal Anti- Bip /GRP78 (WB Abclonal Cat # A4908; RRID: AB_2863386
1:2,000)

Oligonucleotides and sequence-based reagents

PCR primers or RT-qPCR primer This study Table EV1

Chemicals, enzymes and other reagents

DNAse | NEB Cat # M0303

Recombinant RNAsin Promega Cat # N2511

Pierce protease inhibitor cocktail

MedChem Express

Cat # HY-K0O11

Trypsin Gold, MS Grade

Promega

Cat # V5280

Sure Beads™ Protein A Magnetic beads

BIO-RAD

Cat # 1614813

Cycloheximide

Cell Signaling Technology

Cat # 2112

Rapamycin MCE Cat # 53123-88-9
Tunicamycin BBI Cat # A611129
Tert-butyl hydroperoxide MACKLIN Cat # 75-91-2

BsmBlI New England Biolabs Cat # R0O580S
BbSI New England Biolabs Cat # RO539S
Xbal New England Biolabs Cat # R0145S
Xhol New England Biolabs Cat # R0146S
BamH]I New England Biolabs Cat # R3136S

T4 Polynucleotide Kinase

New England Biolabs

Cat # M0201S

T4 DNA Ligase

New England Biolabs

Cat # M0202S

CIP

New England Biolabs

Cat # M0290S

Software

GraphPad Prism 8

GraphPad Software, Inc

https://www.graphpad.com/scientific-software/
prism/

© 2023 The Authors
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Reagent/Resource Reference or Source Identifier or Catalog Number
UV gradient profiling software BIOCOMP Version 7.73
Flowjo 7.6 FlowJo LLC https://www.flowjo.com/solutions/flowjo/downloads

ZEN software

ZEISS Microscopy

https://portal.zeiss.com/download-center/softwares/
mic

Image]

Schneider et al (2012)

https://imagej.en.softonic.com/

Java Treeview

Java Treeview--extensible visualization of

https://sourceforge.net/projects/jtreeview/files/

microarray data — PubMed (nih.gov)

Metascape Zhou et al (2019) Metascape

Thermo Proteome Discoverer (PD 2.1.1.2) Thermo Proteome Discoverer Software | Thermo Fisher
Scientific — CN

CFU Scope Medixgraph Inc. http://medixgraph.com/cfuscope

R Studio N/A RStudio | Open source & professional software for
data science teams — RStudio

Other

Thermo Scientific™ Multiskan™ FC

Thermo Scientific

Cat # 1410101

UV detector BIO-RAD ECONO UV MONITOR
Piston Gradient Fractionator BIOCOMP Cat # B152-002
Gradient master BIOCOMP #108

ChemiDoc™ imaging system BIO-RAD Cat # 733BR2378
ATTUNE NXT Flow Cytometer Thermo Scientific Cat # A29001
Caliper IVIS Lumina Il instrument Caliper IVIS Lumina Il

Q5® Site-Directed Mutagenesis Kit New England Biolabs Cat # E0554
Monarch®RNA Cleanup Columns New England Biolabs Cat # T2047L

SanPrep Column DNA Gel Extraction Kit

Sangon Biotech

Cat # B518131

EndoFree Mini Plasmid Kit Il TIANGEN Cat # DP118-02
TransScript All-in-One First-Strand cDNA Trans Cat # AT341-01
Synthesis SuperMix

TransStart Top Green gPCR SuperMix Trans Cat # AQ131-01

TRIzol LS reagent

Thermo Fisher

Cat # 10296010

7.5% PAGE Gel Fast Preparation Kit EpiZyme Cat # PG111
10% PAGE Gel Fast Preparation Kit EpiZyme Cat # PG112
12.5% PAGE Cel Fast Preparation Kit EpiZyme Cat # PG113

PAGE Sample Prep Kit

Thermo Fisher

Cat # BN2008

Native PAGE Gel

Thermo Fisher

Cat # BN1004BOX

BCA Protein Assay Kit

TIANGEN

Cat # R6628

Methods and Protocols

Cell lines

The male HCT116 cell line expressing OsTIR1 (Natsume et al, 2016)
was obtained from the Riken Bioresource Research Center of Japan
and was cultured in McCoy’s 5A medium (Thermo Fisher Scientific)
supplemented with 10% FBS (Gibco), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin at 37°C and 5% CO,. Cells
were periodically determined to be free of mycoplasma.

Mice

BALB/c male nude mice (4-6 weeks of age) were used for subcuta-
neous xenografts. Mice were housed under pathogen-free conditions
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and maintained on a 12-h light/12-h dark cycle with food and water
supplied ad libitum.

Generation of cell lines

To generate cell lines in which both alleles of eIF3 subunits were
tagged with mAID-mClover and mAID-mCherry, donor plasmids
were constructed according to (Natsume et al, 2016). Homology
arm fragments for elF3a, b, e, f, and k containing a central BamHI
site were obtained by gene synthesis and cloned into a donor
plasmid. In a second step, the respective mAID-mClover and mAID-
mCherry cassettes containing a selection marker were cloned at the
BamHI site between the homology arms. Homology arms were
designed to mutate the recognition sequence after integration at the

© 2023 The Authors
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target locus to prevent recutting. HCT116-OsTIR1 cells were grown
in 6-well plates before 800 ng Cas9 plasmid and 600 ng mAID donor
plasmids (Reagent Table) were co-transfected using 8 pl Lipofecta-
mine 2000. 48 h after transfection, cells were replated on 10cm
dishes and selected with 700 pg/ml G418 and 100 pg/ml HygroGold.
After 12 days, colonies were picked and verified by PCR and Sanger
sequencing and by immunoblotting. The list of primers for the
various truncation and point mutants is summarized in the Reagent
Table. To induce the degradation of mAID-fused proteins, 500 pM
indole-3-acetic acid (IAA) was added to the culture medium.

To generate elF3k-mAID cells in which the elF3-binding sites in
the 5'-UTRs of RPS15A and RPS4X were deleted, targeting plas-
mids were constructed according to the protocol by Ran
et al (2013). Cas9 cutting sites 3’ and 5 of the region to be
deleted were identified using a web tool (http://crispor.tefor.net/,
(Concordet & Haeussler, 2018)). Pairs of corresponding sgRNAs
were individually cloned into either BsmBI-digested lentiCRISPR
v2-Blast or lentiCRISPR v2-Puro. To produce virus, HEK293T cells
at ~50% confluence were transfected in 35 mm dishes with 0.5 pg
pMD2.G and 0.75pg psPAX2 packaging vectors and 1pg of the
lentiCRISPR v2 plasmid with 5pl Lipofectamine 2000 in optiMEM.
The medium was exchanged for DMEM high glucose medium with
10% FBS after 6h. Virus supernatant was collected after 48h,
passed through a 0.45pm filter, and stored at -80°C. 30%
confluent elF3k-mAID cells were infected by pairs of sgRNA virus
in 35mm dishes with 8 ug/ml polybrene. After 24 h, the medium
was exchanged for McCoy’s 5A, and cells were selected for 1
week in puromycin (4 pg/ml) and blasticidin (30 pg/ml). A small
fraction of the infected cells was collected to determine the effi-
ciency of CRISPR editing. Different combinations of guide RNAs
showed different efficiency. Cells infected with the most efficient
pair of guide RNA viruses were expanded, and single colonies
were picked and confirmed by genomic PCR and Sanger sequen-
cing. The list of primers for various truncation is summarized in
Table EV1.

For stable overexpression of RPS15A and RPS4X in elF3k-mAID
cells, a recombinant lentivirus was constructed by inserting the
PCR-amplified cDNA sequence into Xhol and Xbal sites of pCDH-
CMV-MCS-EF1-puro-3xFlag-3xHA (generously provided by L. Wen).
293T cells were transfected with the packaging plasmids pMDLg/
PRRE, pVSV-G, and pRSV-Rev at a ratio of 0.5: 0.3: 0.2 ug and 1 pg
pCDH-CMV-RPS15A-3xHA or pCDH-CMV-RPS4X-3xHA plasmids.
Virus collection and infection was as described previously. After
infection, cells were selected with puromycin (4 pg/ml) for 7 days
and lysate of polyclonal cultures was tested for RPS15A expression
by immunoblotting.

Proliferation/viability assays

Commonly used tetrazolium dye reduction assays measuring NAD
(P)H levels (MTT and CCK-8) were employed as surrogate measures
of cell proliferation/viability. 8 x 10> cells per well were seeded into
96 well plates. Cells were incubated with 10 pl of CCK8 reagent and
incubated at 37°C until color development. Absorbance measure-
ments were performed at 450 nm using a microplate reader (Thermo
Scientific™ Multiskan™ FC). For MTT assays, 20 pl of MTT reagent
at 5mg/ml was added into each well for a final concentration of
0.5% and incubated for 4 h at 37°C. The medium was removed, and
100 pl 100% DMSO was added to each well followed by vigorous

© 2023 The Authors
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mixing. After incubation at room temperature for 10 min, samples
were mixed, and absorbance was measured at 540 nm in a micro-
plate reader (Thermo Scientific™ Multiskan™ FC).

Colony formation assay

1x10° cells were plated on 100 mm culture dishes in three repli-
cates and cultured for 2 weeks. After removal of media and washing
in PBS, 10 ml methanol was added, and cells were fixed for 30 min.
Upon removal of methanol, cells were stained with crystal violet in
20% methanol in PBS for 30 min, rinsed with water, and dried.
Colony numbers were determined with CFU Scope.

Cell cycle analysis by flow cytometry

Cells were collected by trypsinization and washed with cold PBS
and then fixed in cold 70% ethanol at 4°C for a minimum of 2 h.
Fixed cells were treated with 100 pg/ml RNase and stained with 50 p
g/ml propidium iodide in PBS for 15-30 min in the dark. Samples
were run on an ATTUNE NXT Flow Cytometer (Thermo Fisher
Scientific), and data were analyzed with FlowJo software.

Xenografts studies

Animal experiments were performed in accordance with the Guiding
Principles in the Care and Use of Animals (China) and were
approved by the Laboratory Animal Ethics Committee of Xiamen
University. 1x10° cells in a volume of 100pul were inoculated
subcutaneously into nude mice. After tumor reached a diameter of
~4mm (~50mm?), IAA (500 mg/kg body weight in corn oil) or an
equal amount of corn oil vehicle was administered by oral gavage
daily for 2 weeks. Tumor sizes were monitored every 2 days by
measurement with a caliper and body weights were recorded.
Tumor volumes were calculated according to the formula: volume =
width? x length/2. Mice were sacrificed after 2 weeks, and tumors
were excised for analysis. Tumor imaging was done on a Caliper
IVIS Lumina II instrument with imaging mode set to Fluorescence,
exposure time to 1 min, and excitation and emission filter set to 465
nm and 515-575 nm, respectively.

Immunoblotting

For protein extraction, cells were washed twice with cold PBS,
scraped off, and lysed in SDS sample buffer (60 mM Tris—-HCl, pH
6.8, 5% beta-mercaptoethanol, 2% SDS, 10% glycerol, 0.02%
bromophenol blue) followed by heating for 8 min at 95°C. Lysates
were separated by SDS-PAGE, and immunoblotting was done as
described (Tian et al, 2021). Primary antibodies used in this study
are listed in the Reagent Table. Quantification of band intensities
was done using ImageJ software.

Native PAGE analysis

Cells contained in a 35 mm dish at 70-80% confluence were lysed
in 250 pl native lysis buffer supplemented with 1% digitonin by
pipetting up and down 10 times and incubation on ice for 10 min.
Lysates were centrifuged at 20,000g for 30min at 4°C. Protein
concentration was measured by BCA protein assay and Coomassie
blue G-250 was added to a final concentration of 0.25%. Equal
amounts of protein (20 pg) were resolved on 4-16% Native PAGE
gels. After filling the upper buffer chamber (inner) with blue
cathode buffer (0.02% Coomassie Blue G, 15mM bis-tris, 50 mM
tricine, pH 7.0) and the lower (outer) buffer chamber with anode

The EMBO journal 42: 11236212023 21 of 26


http://crispor.tefor.net/

The EMBO Journal

buffer, electrophoresis was performed at 10 mA on ice. Once the dye
front had migrated into 1/3 of the gel, the blue cathode buffer was
replaced with cathode buffer (15mM Bis-tris, 50 mM tricine, pH
7.0). The electrophoresis was continued for 90-100 min at 10 mA.
Gels were transferred to PVDF membranes followed by immunoblot-
ting as described previously.

Sucrose density gradient separation of ribosomes and RT-qPCR

10 min prior to harvest, 100 pg/ml cycloheximide (CHX) was added
to cells contained in two 15 cm dishes at approximately 80% conflu-
ence. Cells were incubated in 0.5 ml hypotonic buffer (5 mM Tris—
HCI, pH 7.5, 2.5 mM MgCl,, 1.5mM KCI and 1 x Pierce™ protease
inhibitor cocktail) supplemented with 100 pg/ml CHX, 1 mM DTT,
and 100 units of RNase inhibitor on ice for 20 min and vortexed for
15s. Triton X-100 and sodium deoxycholate were added to a final
concentration of 0.5%, and the lysate was vortexed for another 5s.
The cell lysates were centrifuged at 16,5008, at 4°C for 7 min.
Supernatants were collected, and absorbance at 260nm was
measured. 20-30 OD,¢o of lysate was gently layered over 10-50%
sucrose gradients in buffer (20 mM HEPES-KOH, pH 7.6, 5mM
MgCl,, 100 mM KCl, 100 pg/ml CHX, 10 units/ml RNase inhibitor
and 1 x Pierce™ protease inhibitor cocktail). Gradients were centri-
fuged at 220,000 g (Beckman, SW41Ti) for 2 h at 4°C. After centrifu-
gation, 15 fractions (0.74ml/ fraction) were collected on a
BIOCOMP gradient fractionator.

For RT-qPCR, total RNA was isolated from 250ul of each
gradient fraction using TRIzol LS reagent. cDNA was generated from
equal amounts of RNA by reverse transcription using the Trans-
Script All-in-One First-Strand cDNA Synthesis SuperMix for qPCR.
The relative quantity of specific mRNAs was measured by quantita-
tive polymerase chain reaction (qPCR) using the TransStart Top
Green qPCR SuperMix with the Real-Time PCR System. Primers for
gPCR are listed in Table EV1. Total ribosome occupancy was calcu-
lated according to the method of Darnell et al (2011). The percen-
tage of mRNA in each fraction as determined by PCR was
multiplied by the number of ribosomes in that fraction (extrapolated
from UV traces based on the linearity of the sucrose density
gradient) and summed over the gradient.

Pulsed SILAC

Cells were grown in McCoy’s 5A media (SILAC standard, 88441)
containing light (**C, *N) lysine and arginine supplemented with
10% dialyzed FBS for 2 weeks. 2 x 10° cells were treated with 500 p
M IAA or DMSO for 6h before switching to heavy medium
containing (**C, '°N) lysine and arginine supplemented with 500 uM
IAA. After another 6h, cells were scraped in precooled PBS and
pelleted. Cell pellets were resuspended in 0.5ml 8 M urea lysis
buffer (8 M urea in 100 mM Tris-HCI, pH 8.0). Following centrifuga-
tion at 12,000 g for 15 min at 4°C, supernatants were collected, and
protein concentrations were determined by BCA assay. 200 pg
protein was loaded onto a Microcon Centrifugal Filters (Millipore,
Cat: 42407). Filter-aided sample preparation (FASP) for LC-MS/MS
was done as described (Wicniewski et al, 2011). The digested
peptide mixtures were redissolved in 0.1% formic acid in ultrapure
water, and LC-MS/MS was performed as described (Lin et al, 2020).
Protein identification and quantitation were performed with Thermo
Proteome Discoverer (PD 2.1.1.2.) software searching against the
UniProt human protein database release 2018_04. Triplicate

22 of 26 The EMBO journal ~ 42: €112362 | 2023

Haoran Duan et al

LC-MS/MS datasets were subjected to statistical testing (Benjamini-
Hochberg) to identify proteins whose synthesis (Log2 Heavy IAA/
Heavy DMSO) was changed upon depletion of eIF3 subunits at an
FDR<0.1.

Quantitative proteomics of elF3 complexes

elF3-mAID cell lines were grown in McCoy’s 5A media (SILAC stan-
dard, 88441) containing light (*C, 'N) lysine and arginine or
containing heavy (30 lysine and arginine for 2 weeks. 12 h prior to
harvest, 500 pM IAA or vehicle (DMSO) were added. Cells were
collected and lysed in IP buffer (20 mM Tris-HCI pH 7.5, 150 mM
NaCl, 0.5% Triton X-100 and 1 X Pierce™ protease inhibitor cock-
tail) through rotation for 15 min at 4°C. Supernatants were collected
after centrifugation at 13,000g for 15min at 4°C, and protein
concentrations were determined by BCA assay. Lysates were split
into two equal parts and 2 pg antibodies (anti-eIF3b or anti-elF3c)
were added and incubated by rotating overnight at 4°C. 50 pl Protein
A Surebead (BIO-RAD, #1614813) was added to the samples.
Following incubation at 4°C for 4 h with constant rotation, beads
were washed with 500 pl IP buffer 3 times 10 min each. Following
trypsin digestion, corresponding heavy and light samples were
mixed at a ratio of 1:1. After desalting, peptide mixtures were redis-
solved in 0.1% formic acid in ultrapure water, and LC-MS/MS,
protein identification and quantitation were performed as described
previously.

Quantitative proteomics of ribosomal proteins

250 pl of polysomal fractions 11-14 from a sucrose density gradient
was concentrated to 20 ul using Amicon® Ultra-4 Centrifugal Filter
Units (Millipore, UFC801024). Proteins were prepared by in-gel
digestion (Wu et al, 2017). After desalting, peptide mixtures were
redissolved in 0.1% formic acid in ultrapure water, and LC-MS/MS,
protein identification and quantitation were performed as described
previously.

RNA extraction and RNA sequencing

Total RNA and RNA contained in heavy polysomal fractions were
isolated using the Trizol reagent (Life Technology). Library prepara-
tion for bulk-sequencing of poly(A)-RNA was done as described
previously (Parekh et al, 2016). Briefly, barcoded cDNA of each
sample was generated with a Maxima RT polymerase (Thermo
Fisher) using oligo-dT primer containing barcodes, unique mole-
cular identifiers (UMIs) and an adaptor. 5'-Ends of the cDNAs were
extended by a template switch oligo (TSO), and full-length cDNA
was amplified with primers binding to the TSO site and the adaptor.
NEB Ultrall FS kit was used to fragment cDNA. After end repair and
A-tailing, a TruSeq adapter was ligated, and 3’-end-fragments were
finally amplified using primers with Illumina P5 and P7 overhangs.
In comparison with (Parekh et al, 2016), the P5 and P7 sites were
exchanged to allow sequencing of the cDNA in readl and barcodes
and UMIs in read2 to achieve a better cluster recognition. The
library was sequenced on a NextSeq 500 (Illumina) with 57 cycles
for the cDNA in readl and 16 cycles for the barcodes and UMIs in
read2. Data were processed using the published Drop-seq pipeline
(v1.0) to generate sample- and gene-wise UMI tables (Macosko
et al, 2015). Reference genome (GRCh38) was used for alignment.
Transcript and gene definitions were used according to the
GENCODE version 38.
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RNA-seq data analysis

Only genes with at least one raw read in all samples were retained
in the analysis. Raw RNA-seq datasets were normalized for sequen-
cing depth by calculating counts per million mapped reads (CPM)
using the EdgeR package (version 3.38.0) in R. For polysomal RNA
samples, an additional normalization step was performed according
to the formula CPM X (Piaa / Ppmso) with Py signifying the area
under the curve of the polysomal fraction of the corresponding
lysates separated by sucrose gradient density centrifugation. This
normalization was done to account for the different levels in total
polysomes in the DMSO and IAA-treated sample. This was particu-
larly important for those cell lines that showed a strong decrease in
polysomes, including elF3a-mAID, elF3e-mAID, and elF3f-mAID;
but for consistency, the normalization was performed for all six cell
lines. In the subsequent step, edgeR (Robinson et al, 2010) was used
to identify changed mRNAs. mRNAs were considered changed in
either total or polysome RNA-seq if they differed between the
DMSO-treated and IAA-treated samples (Log2 IAA/DMSO) with
FDR <0.05. Translational efficiencies (TEs) were calculated as Log2
[(polysomal mRNA TAA / total mRNA IAA) / (polysomal mRNA
DMSO / total mRNA DMSO)] for data with cpm > 10. Significance
was determined with the R-package’s P.adjust function with the
FDR<0.2.

RNA immunoprecipitation and qPCR

Cells were cultured to a density of 70-80% in McCoy’s 5A in 150
mm dishes and lysed in 800 pl RNA immunoprecipitation (RIP) lysis
buffer containing 20 mM Tris-HCl pH 7.5, 130 mM KCl, 10 mM
MgCl,, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate, 0.5
mM DTT supplemented with 1 x Pierce protease inhibitor cocktail,
100 U/ml RNase inhibitor, 0.4 U/ml DNase. The lysate was incu-
bated on ice for 15min. The supernatants were collected after
centrifugation at 13,000 g for 15 min at 4°C, and protein concentra-
tions were determined by BCA assay. 3 pg rabbit IgG or anti-elF3c
antibody were attached to 20 pl Protein A Surebead in RIP lysis
buffer for 30 min at room temperature. Beads were washed three
times in RIP lysis buffer and added to 1.2 mg protein lysate followed
by rotation for 4 h at 4°C. Beads were washed four times for 5 min
at 4°C with RIP washing buffer containing 0.1% SDS, 1% Triton X-
100, 2mM EDTA, 20 mM Tris-HCl pH 8.0, 500 mM NaCl. Bound
RNA was isolated from the washed beads by adding Trizol and
quantified by qPCR as described previously.

Functional pathway analysis

For each given gene list, pathway and process enrichment analysis
has been carried out with Metascape (metascape.org; Zhou
et al, 2019) with the following ontology sources: GO Biological
Processes, GO Cellular Components. Those 9,895 human proteins
which we detected by LC-MS/MS in all combined datasets were
used as the background dataset. Terms with a P-value <0.01, a
minimum count of 3, and an enrichment factor > 1.5 (the enrich-
ment factor is the ratio between the observed counts and the
counts expected by chance) were collected and grouped into clus-
ters based on their membership similarities. According to the
description at metascape.org, P-values were calculated based on
the accumulative hypergeometric distribution, and g-values were
calculated using the Benjamini-Hochberg procedure to account for
multiple testing.
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Computational modeling

We created a dynamical model, which consists of a network of a ribo-
some flow model (RFM) and a pool of free ribosomes (i.e., ribosomes
that are not attached to any mRNA molecule) to analyze the effect of
the different eIF3 subunits on translation similar to the approach used
in (Zarai & Tuller, 2018). The RFM is a deterministic mathematical
model that can be used to model and analyze many transport
phenomena (Reuveni et al, 2011). It is based on a simple exclusion
principle of n compartments (or sites, e.g., a site along the mRNA,
gene, microtubule) with n state variables describing the compartments’
particle density and n dynamical equations describing the flow
dynamics between these compartments as a function of time. The flow
between consecutive compartments is controlled by A; parameters.
Specifically, 4o denotes the initiation rate, 4;, i € {1,---,n-1}, denotes
the elongation rate from site i to site i+ 1, and 4, denoted the exit rate.
These rates depend on various factors, including the availability of
tRNA molecules, amino acids, aminoacyl tRNA synthetase activity and
concentration, and local mRNA folding. We denote by R the steady-
state output flow and by e;, i=1,---,nn, the steady-state particle density
at site i. In the context of mRNA translation, R is the steady-state trans-
lation rate (i.e., the steady-state protein production rate), and e; is the
steady-state ribosomal density at site i.

As a specific example, we modeled the translation of the gene
TP53 (transcript ENST00000269305.9), which contains 393 amino
acids. We divided the ORF to nonoverlapping pieces. The first piece
includes the first nine codons that are related to various stages of
initiation (Tuller & Zur, 2015). The other pieces include 10 nonover-
lapping codons each, except for the last one that includes between 5
and 15 codons. We model every piece of the ORF as a RFM site,
resulting in 38 sites. We estimated the elongation rates 4; at each
site using ribo-seq data from HEK293 cells for the codon decoding
rates (Dana & Tuller, 2015), normalized so that the median elonga-
tion rate becomes five codons per second. We note that similar
modeling can be performed for any transcript.

Let z denote the free ribosomal pool, v, the elF3k concentration
value, and let

8v = dy + dye™,
where d; >0 and d, > 0 are constant parameters. We model z as
z = z(Vk) = 208y,

where z, denotes the free ribosomal pool governed by the
dynamics with the RFM (see below), and g, models the effect of
Vg on the free ribosomal pool.

Let f(v) = ¢c1 + c2(1—e77), for all v > 0, and for any positive para-
meter set ¢, c;. We use f(v) to model the effect of each elF3 a, b, e,
and f subunit on the translation initiation rate, where v denotes the
corresponding subunit concentration value. The parameter c¢; and ¢,
can generally vary between the a, b, e, and f subunit models;
however, for simplicity they are assumed to have the same values
for all these models in the analysis.

Let

fo = Fva)f(v)f (ve)f (vf),

denote the product of the subunits a, b, e, and f models.Let
x; = x;(t) denote the ribosomal density at site i (in the RFM) at
time t, X; = dx;/dt, and
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n+=tanh(q = z) =tanh(q *zo * g, ),

where g >0 is a normalization factor, and tanh() is the hyperbolic
tangent function. The usage of this function is derived from Zarai
and Tuller (2018).

The equations of our dynamical model, which consists of a
network of a RFM and the free ribosomal pool and is based on
(Zarai & Tuller, 2018), are given by

J.Cl = /Iof,,n(l—xl)—/hxl (1—XZ),

% = Aim1Xio1(1-%) —Aixi(1—xip1), (=2, n-1,

J‘(n = /‘Ln—lxn—l (1*Xn)*}~nxn~,
20 = AnXn—Aof,n(1—x1).

This dynamical model admits a unique steady state for a
given total number of ribosomes in the network (Raveh
et al, 2016). The concentrations of the elF3a, b, e, and f subu-
nits affect the effective initiation rate by the product Aof,. elF3k
concentration affects the free ribosomal pool, which in turn
affects the effective initiation rate by the product Aof,n. The
dynamical model parameter values used in the simulations were
tuned based on the experimental findings and the requirement
that 4of,(0.5) =38 =0.06 (Yan et al, 2016), and are given by:
c1=059,c; =1.11,d, =487.5, d, =412.5 and g=12%10"".
Given these parameter values, the steady-state free ribosomal
pool at 0.5 concentration of each elF3 subunit is 56,356.

We determined the robustness of the model by changing
ribosome step size down to 1 codon per site and by varying
elF3k parameters d; and d,. The data showed that the qualita-
tive behavior of the free ribosome pool and the translation rate
as a function of the concentrations of eIF3 subunits is similar
under the different scenarios (Appendix Fig S8). In order to
tailor the model to a specific system, additional experimental
data will be needed to estimate the exact set of parameters.
This can include, for example, ribo-seq experiments that are
combined with modulations of the levels of different eIF3
subunit concentrations.

We also modeled the approximative quantitative relationship
between elF3k and the free ribosome pool. Let the free ribosomal
pool k-gain (k-gain for short) denote the ratio between the
increase of the steady-state free ribosomal pool (measured in
percentage) and the corresponding decrease (depletion) of the
elF3k concentration (measured in percentage). For example, a
10% depletion of elF3k that results in a 4% increase in the steady-
state free ribosomal pool yields k-gain =4/10=0.4. As depicted in
Fig EV4D, k-gain increases with the eIF3k concentration (as
expected). At the nominal concentration of 0.5, k-gain=0.168,
indicating that an 80% depletion of eIF3k results in a 13.4%
increase in the steady-state free ribosomal pool. This approxi-
mates the experimental findings that suggest between 10% and
15% increase in the steady-state free ribosomal pool at ~80%
depletion of elF3k.

Quantification and statistical analysis
All FDR and P-values for the RNA-seq data were calculated
using EdgeR in R. Statistical analysis of the remaining datasets
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(proteomic and TE) was performed with Microsoft Excel.
P-values for the remaining datasets were determined using the
multiple t-tests function (two-stage step-up method of Benja-
mini, Krieger, and Yekutieli) and unpaired Student’s t-test in
GraphPad Prism 8.

Data availability

RNA-seq data were deposited into European Nucleotide Archive
(accession number: PRJEB53197) and are available at https://www.
ebi.ac.uk/ena/browser/view/PRJEB53197. Proteomic data were
deposited to ProteomeXchange via PRIDE (accession number:
PXD034084) and are available at https://proteomecentral.proteo
mexchange.org/cgi/GetDataset?ID = PXD034084.

Expanded View for this article is available online.
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